All small cell (SCLCs) and many non-small cell lung cancers (NSCLCs) have neuroendocrine features including production of neuropeptides and cell surface receptors creating autocrine and paracrine growth loops. Neuropeptides bind to a family of 7-transmembrane receptors and activate heterotrimeric G proteins consisting of G ␣q and G␣12,13. Substance P derivatives (SPDs) induced apoptosis and inhibited growth of lung cancer cells by discoordinately inhibiting G ␣q and stimulating G ␣12,13. However, these SPDs had low potency and short half-lives. In this report we show that a bradykinin antagonist dimer, CU201, inhibited the growth of SCLC and NSCLC cell lines with or without multidrug-resistant proteins and was 10-fold more potent with a longer plasma half-life than SPDs. Bradykinin agonists in either monomeric or dimeric form and monomeric bradykinin antagonist have no effect on lung cancer cell growth. The dimeric linking moiety of the two molecules was created, requiring a sufficient number of carbon chains to provide critical spacing between the two antagonists. CU201 inhibited intracellular Ca 2؉ release in response to bradykinin, indicating blockage of the G ␣q signal, and stimulated c-Jun kinases, indicating stimulation of the G ␣12,13 pathway. CU201-induced apoptosis was preceded by unique changes in apparent nuclear DNA binding and by c-Jun kinase and caspase-3 activation. At the concentration at which CU201 inhibited the growth of the cancer cells, it had no effect on the growth of normal lung cells in vitro. CU201 and similar compounds offer hope of becoming a new form of targeted therapy for tumors with neuroendocrine properties. L ung cancer is the leading cause of cancer death in men and women in the U.S. (1). Small cell lung cancer (SCLC) comprises 20% of lung cancer cases (2). Clinically, SCLCs are characterized by a propensity for early metastases and initial high response rates to chemotherapy and radiotherapy (2). Biologically, SCLCs are characterized by expression of neuroendocrine features including the production of neuropeptides coupled with expression of neuropeptide receptors, creating autocrine͞paracrine growth loops (3-5). Many non-SCLCs (NSCLCs) and prostate, breast, and gastrointestinal cancers also express peptide receptors and respond to neuropeptide stimulation (6, 7). Autocrine growth stimulation by peptides led to the development of specific peptide inhibitors including monoclonal antibodies to growth factors or receptors and specific peptide antagonists (8-10). The low response rate to specific inhibitors was attributed to other peptides maintaining the autocrine loop when a single peptide was inhibited (8).
L
ung cancer is the leading cause of cancer death in men and women in the U.S. (1) . Small cell lung cancer (SCLC) comprises 20% of lung cancer cases (2) . Clinically, SCLCs are characterized by a propensity for early metastases and initial high response rates to chemotherapy and radiotherapy (2) . Biologically, SCLCs are characterized by expression of neuroendocrine features including the production of neuropeptides coupled with expression of neuropeptide receptors, creating autocrine͞paracrine growth loops (3) (4) (5) . Many non-SCLCs (NSCLCs) and prostate, breast, and gastrointestinal cancers also express peptide receptors and respond to neuropeptide stimulation (6, 7) . Autocrine growth stimulation by peptides led to the development of specific peptide inhibitors including monoclonal antibodies to growth factors or receptors and specific peptide antagonists (8) (9) (10) . The low response rate to specific inhibitors was attributed to other peptides maintaining the autocrine loop when a single peptide was inhibited (8) .
Each peptide binds to cell surface receptors of appropriate structure and activates a similar identical intracellular signaling pathway. This similarity created the possibility of developing compounds that would interfere with signals produced by multiple peptides. In SCLC, each 7-transmembrane-spanning peptide receptor is coupled to both G ␣q and G ␣12, 13 heterotrimeric G proteins (8, (11) (12) (13) (14) (15) . We and others showed that inhibition of the G ␣q signal pathway (by transfection of GTPase-deficient G ␣q genes or transfection of catalytically inactive phospholipase C-␤ genes) inhibited inositol triphosphate release, calcium flux, activation of protein kinase C-␣, calmodulin, and cell proliferation. Activation of G ␣12, 13 led to activation of c-Jun kinase and apoptosis (4, 12) .
Some substance P derivatives (SPDs) were shown to inhibit growth of several SCLC cell lines in vitro and in vivo (11, 13, 15, 16) . These SPDs initially were reported to be broad-spectrum antagonists, because they blocked the calcium response induced by multiple peptides of unrelated structures (5, 11, 15, 16) . Subsequent studies showed that SPDs inhibited G ␣q activation while simultaneously stimulating G ␣12 , 13 signaling (11, 16, 17) . These compounds were termed ''biased agonists,'' because they inhibited proliferative signals and stimulated apoptotic signals. However, SPDs required high concentrations to inhibit SCLC growth and did not inhibit the growth of NSCLCs. One of these SPDs, termed SPD-G, inhibited the growth of SCLC tumors in nude mice and has completed phase I testing with acceptable toxicity (18, 19) . However, low potency and a short half-life hinder further clinical development. These limitations led to the search for alternative compounds.
The bradykinin (BK) receptor is expressed in most of the human lung cancer cell lines, and BK is one of the most potent neuropeptides that causes intracellular calcium flux in these SCLC and NSCLC cell lines (3). However, it shows only moderate mitogenic effects. We discovered that a dimeric BK antagonist (CP-127, bradycor) and related dimers produced modest growth inhibition of SCLC cell lines at high concentrations (8) . Subsequently, we synthesized a series of novel, potent BK antagonist monomers and dimers and have now shown that one of the BK antagonist dimers, CU201, acts as a biased agonist, inhibits the growth of both SCLC and NSCLC cell lines by a unique mechanism, and has stability in serum. CU201 and related compounds may be useful in the treatment of lung cancers and other cancers with neuroendocrine features.
Methods and Materials
Cell Lines and Culture Conditions. The NSCLC line NCI-H157, the mesothelioma line H290, and the SCLC lines NCI-H345, -H69, -H209, -H740, -H1048, -H510, and -H82 were provided by J. Minna and A. Gazdar (University of Texas Southwestern Medical School, Dallas). The SCLC cell line SHP-77 was provided by A. Koros (University of Pittsburgh, Pittsburgh). The NSCLC line A549 and the normal lung fibroblast lines CCD-16LU and IMR90 were obtained from the American Type Culture Collection. Cell lines were maintained in RPMI medium 1640 (GIBCO͞BRL Life Technologies, Grand Island, NY) supplemented with 10% FBS (HyClone) or 10 nM hydrocortisone͞5.0 g/ml insulin͞10 g/ml transferrin͞10 nM 17-estradiol͞30 nM sodium selenite͞100 units͞ml penicillin͞100 g͞ml streptomycin (HITES medium, ref. 20) . All cell lines were grown in 5% CO 2 incubators with 100% humidity.
Synthesis of BK Antagonist Peptides. Peptide antagonists were synthesized by the solid-phase method (21) using butyloxycarbonylamino acids and conventional side chain-blocking groups. Indanylglycine (D-␣-(2-indanyl) glycine, L-␣-(2-indanyl) glycine) was synthesized according to Gera and Stewart (22) . Other unusual amino acids, D-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid and octahydroindole-2-carboxylic acid were purchased from Aldrich. Peptide amino acid analysis was characterized by thin layer chromatography and laser-desorption mass spectroscopy.
Synthesis of CU201 Dimers. Cross-linkers (dimethyl suberimidate⅐2HCl, disuccinimidyl suberate, and bismaleimidohexane) of varying carbon-chain lengths were purchased from Pierce. Homodimers were cross-linked from monomers in solution as described (23) . The structures of the antagonists are shown in Fig. 1 . Tohru Mochizuki and Noboru Yanaihara (University of Shizuoka, Shizuoka, Japan) provided SPD2 (Fig. 1) . SPD-D (Fig. 1) was purchased from Bachem. A series of BK antagonist dimers with various cross-linkers was also obtained from Cortech (Denver, CO).
Calcium Flux Assays. Cells were loaded with the calcium indicator Indo-1͞acetoxymethyl ester (Molecular Probes) according to methods described previously (4) P]ATP (25,000 cpm͞pmol) was added, and samples were incubated for 20 min at 30°C (26) . The reactions were terminated, boiled, and submitted to 12% SDS͞PAGE (13) . The glutathione S-transferase-c-Jun (1-79) polypeptides were identified in Coomassie-stained gels, excised, and counted in a scintillation counter. Cytogenetic Analysis. To determine whether the two subpopulations detected by DNA content analysis represented distinct aneuploid clones, karyotypic analyses using G-banding and spectral karyotyping techniques were performed according to techniques described previously (26) .
Activation of Caspase-3. After various treatments, cytosolic and mitochondrial fractions were isolated by differential centrifugation.
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S-Labeled caspase-3, translated and purified as described (27) , was incubated with cytosolic and mitochondrial fractions and dATP for 1 h at 37°C (27) . At the end of the incubation period, the reaction was terminated, and the samples were submitted to 15% SDS͞PAGE. The gel was transferred to a nitrocellulose filter and exposed to Kodak X-Omat AR film for 16 h at room temperature.
Detection of Apoptosis by Fluorescent Microscopy. After varying treatments, cells were stained with propidium iodide and bisbenzimide (Hoechst 33245) and examined for signs of apoptosis by fluorescent microscopy. More than 200 treated cells were scored (in duplicate) to establish the percentage of apoptotic cell death.
Modified Tetrazolium Test (MTT) Growth Assay. Cell growth was assessed by an MTT assay (28) . The absorbency of each well was measured by using an automated plate reader (Molecular Devices). The data were analyzed by using a nonlinear mixed model with the SAS procedure PROC NLMIXED. This nonlinear mixed effect model distinguishes between variability between cell types and within the same cell type. The H i (mean IC 50 for the ith cell type) then were compared with assessed differences between cell types.
Results

Effects of Peptides on DNA Content, Cell Cycle Distribution, and
Apoptosis in SCLC and NSCLC Cell Lines (Table 1 and Fig. 2 ). When SHP-77 cells were exposed to varying concentrations of CU201 as low as 1.5 M, a new apparent ''aneuploid'' population of cells appeared by 8 h (Fig. 2 A) . This new population was consistent with a hyperdiploid G 1 , S, and G 2 ͞M. The fraction of cells in this apparent aneuploid population increased with increasing concentration and time through the first 24 h. By 24 h, this aneuploid population disappeared as a sub-G 1 population of apoptotic cells appeared, indicating the aneuploid cells were destined to become apoptotic (Fig. 2B) .
To determine whether this new population of cells was truly aneuploid, G-banding and spectral karyotyping analysis were performed before and after CU201 exposure. Both specimens were near diploid, with chromosome numbers ranging from 44 to 50 and a modal chromosome number of 47. The 20% increase in DNA content of the aneuploid DNA peak in the treated population, if reflecting aneusomy, would increase the modal chromosome number from 47 to 56. We only observed a modal chromosome number of 47 and did not detect any changes in aneusomy. Extra copies of large chromosomes or gene amplification also would increase DNA content. However, multiple and complex chromosomal abnormalities observed in treated and untreated specimens were coincident, represented by derivative chromosomes. Therefore, we believe these peaks represent changes in DNA-propidium iodide binding induced by CU201 treatment that preceded further DNA changes associated with apoptosis. CU201 produced similar changes in DNA content in three SCLC (SHP-77, H69, and H146) and two NSCLC (A549 and H157) cell lines tested. The NSCLC cell lines underwent similar changes at later time points and at slightly higher concentrations as shown for A549 cells in Fig. 2 A and B . In contrast, neither SPD-D nor CU202 produced any changes in the population DNA content at concentrations up to 40 M and up to 3 days of exposure. Table 1 shows the effects of CU201, CU202, and SPD-D on cell cycle distribution in SHP-77 SCLC and A549 NSCLC cells at 24 h. Other than the appearance and disappearance of this apparent aneuploid peak (high DNA index peak) in CU201-exposed cells, each of the agents produced few changes in cell cycle distribution. As shown in Table  1 , small increases in the G 1 fraction were noted in SHP-77 cells exposed to CU202 and CU201 at 24 h, but this G 1 increase disappeared by 48 h. Little change in cell cycle distribution was noted in A549 cells. An increase in apoptotic cells was noted early in cells exposed to CU201. The increase in apoptotic cells was doseand time-dependent (Fig. 2. ) ] i in 84% of the cells (Fig. 3A) . Each of the three antagonists alone, SPD-D, CU202, and CU201, produced no change in calcium flux. CU202 and CU201, at nM concentrations, completely abolished the BK-induced calcium flux. SPD-D did not inhibit the GRP-induced calcium flux completely even at 60 M. As illustrated in Fig. 3 A and B , CU201 at a concentration of 1 nM decreased the fraction of SHP-77 cells responding to BK from 84 to 68%. CU201 at 10 nM delayed the peak response to BK from 5 to 30 sec and further reduced the percentage of responding cells to 46%. CU201 at 100 nM completed abolished the response to BK. The IC 50 (50% inhibition dose) for CU201 inhibition of BK-induced calcium flux was 10 nM (Fig. 3B ). There were major differences in the potency of CU201, CU202, and SPD-D, as illustrated in Fig. 3 . The concentration of CU202 required for complete BK inhibition was 1,000 nM, and the IC 50 To determine serum and plasma stability, the antagonists were incubated in human serum or plasma for varying periods at 37°C and then evaluated for their ability to inhibit BK-induced calcium flux in SHP-77 cells. Both CP126 monomer and CP127 dimer (Bradycor) inhibited BK-induced calcium flux in SHP-77 cells, but the effect was diminished by a 4-h incubation in serum, and the effect had gone completely after a 24-h incubation. The SPD-D lost its inhibitory activity after Ͻ24 h of incubation in serum. In contrast, both CU202 and CU201 were extremely stable and could inhibit BK-induced calcium flux completely after incubation in human plasma or serum for Ͼ6 days.
Effects of BK, SPD2, SPD-D, CU202
, and CU201 on JNK Activation. The effect of BK and GRP agonists and the four antagonists SPD2, SPD-D, CU202, and CU201 on JNK activation were assessed in SHP-77 SCLC cells and H345 cells, respectively. In SHP-77 cells, BK and the BK antagonist CU201 (1 M) produced 6-9-fold increases in JNK activation after 15 min of exposure (Fig. 4A ). CU202 and SPD2 at 1 M produced no effect on JNK activity in SHP-77 cells (Fig. 4A) . The effect of CU201 and SPD-D on JNK activation in H345 cells is shown in Fig. 4 B and C, respectively. Both CU201 and SPD-D increased JNK activation by 9-11-fold in H345 cells. However, CU201 was 10-fold more potent with an EC 50 of 2 M compared with an EC 50 of 20 M for SPD-D. Peak activation occurred at 5 M for CU201 and 50 M for SPD-D.
Effects of SPD2, CU201, and CU202 on Apoptosis and Caspase-3
Activation. SPD2 and CU201 produced a dose-and timedependent increase in apoptosis, whereas CU202 had no affect on apoptosis by fluorescence microscopy. Apoptosis induced by CU201 peaked at a concentration of 3 M at 24-72 h (Fig. 5A ). SPD2 produced a similar increase in apoptotic cells, but higher concentrations (20-40 M) were required, and apoptosis occurred at later time points (maximum of 48-72 h, Fig. 5B ). To study the mechanism of apoptosis further, we assessed the activation of caspase-3 from cytosolic and mitochondrial fractions of SHP-77 cells exposed to SPD2, CU202, and CU201 for 24 h. Both SPD2 and CU201 produced activation of caspase-3, whereas CU202 failed to activate caspase-3 (Fig. 6) . (Fig. 7) . Growth inhibition of SCLC and NSCLC lines by SPD2, SPD-D, CU201, and CU202 was evaluated by using MTT assays. CU201 inhibited the growth of both SHP-77 (Fig. 7) . CU202 had modest growth-inhibitory effects on the growth of SHP-77 or A549 cell lines and only at 40 M (Fig. 7) . The CU201 IC 50 for growth inhibition was similar to its EC 50 for JNK activation in SHP-77 cells and much lower than the IC 50 and EC 50 of the SPDs for these parameters. CU201 effects on the growth of various cell lines are summarized in Table 2 . Two normal human lung fibroblast cell lines, IMR90 and CCD-16Lu, were treated with CU201, and the IC 50 was found to be 7 and 5.3 M, respectively. Nine SCLC cell lines were tested; two of these expressed multiresistant protein, lung-resistant protein, or multidrug-resistant protein-1. Complete growth inhibition was achieved in all nine lines. The average IC 50 was 2.1 Ϯ 0.41 M for all cell lines including 2.3 Ϯ 0.46 M for the seven lines without multiresistant protein, lung-resistant protein, or multidrug-resistant protein-1 overexpression and 1.3 Ϯ 0.3 M for the two cell lines overexpressing drug-resistance proteins. There were no statistical differences between cell lines with and without drug-resistant protein expression. CU201 also produced complete growth inhibition in all five NCLSC cell lines with an average IC 50 of 4.1 Ϯ 0.58 M. The IC 50 for the five NSCLC cell lines was significantly higher than the nine SCLC cell lines (P ϭ 0.0081). The IC 50 was 3.7 Ϯ 0.3 M in three NSCLC cell lines without drugresistance proteins and 4.8 Ϯ 0.5 M in the two NSCLC cell lines expressing one or more of these proteins. CU201 also inhibited the growth of five prostate cancer cell lines (IC 50 ϭ 3.0 Ϯ 0.58 M) and five breast cancer cell lines (IC 50 ϭ 2.6 Ϯ 0.88 M). The differences in IC 50 values between SCLC and breast (P ϭ 0.34) and SCLC and prostate (P ϭ 0.19) cancer cell lines were not significant. The differences in IC 50 values between NSCLC and breast (P ϭ 0.074) and prostate (P ϭ 0.19) cancer cell lines also was not significant.
Effects of SPD2, SPD-D, CU201, and CU202 on Cell Growth of SCLC and NSCLC Cells in MTT Assays
Effect of Linker Length on Growth Inhibition by BK Antagonist Dimers.
Because antagonist dimers inhibited lung cancer growth and monomers did not, we studied the effect of linker length effect on growth by varying the number of carbon units used in producing a homodimer. Monomeric Cys-containing antagonist CP126 (Fig. 1 ) was cross-linked via bis-maleimides and the number of carbon (CH 2 ) groups joining the maleimides varied from 2 to 12. Dimers having carbon chain lengths of 2, 3, 4, or 6 units produced little or no growth inhibition (Table 3 ). CP127 has a linker length of six methylene groups (Fig. 1 ). Significant growth inhibition was observed first with a linker length of eight methylene groups, which produced 60% growth inhibition at 40 M. Maximal growth (100%) inhibition occurred with dimers of nine methylene groups with an IC 50 of 10 M. Compounds with 10-12 methylene groups also produced 100% growth inhibition but without further improvement in potency (IC 50 values of 5-10 M), suggesting growth inhibition saturated when the linker reached the nine methylene groups. For BK antagonist CU201 that is linked at the N terminus rather than at the Cys-8 (Fig. 1) , a shorter linker length (n ϭ 6) was sufficient to provide maximal growth inhibition. Another BK antagonist dimer linked at the N-terminal in the same manner as CU201 with a longer linker (n ϭ 10) gave 100% growth inhibition without further improvement in potency compared with CU201 (data not shown). Interestingly, dimers cross-linked at the N terminus using the same cross-linker but consisting of two dummy molecules (peptides with scrambled sequences), one active BK antagonist and one dummy molecule, or two active BK agonists (CU202) did not produce growth inhibition.
Discussion
Neuropeptides play a prominent role in the autocrine growth of SCLC and a variety of other carcinomas. In this paper we show that a novel BK antagonist dimer, CU201, inhibited the growth of lung cancer cell lines of all histologies irrespective of the expression of drug-resistance proteins. CU201 inhibited the calcium flux induced by BK and other peptides, activated JNK and caspase-3, and induced a unique form of apoptosis. CU201-induced apoptosis included early changes in DNA binding, activation of JNK, and subsequent activation of caspase-3. Interestingly, the monomeric antagonist, CU202, inhibited BKinduced calcium flux but failed to activate JNK pathways. It did not affect DNA binding or activate caspase-3 and apoptosis, and it did not inhibit growth. CU201 was stable in serum for more than 96 h. These findings indicate that CU201 is unique and should be developed as a possible targeted therapy for lung cancer and other cancers with a neuroendocrine phenotype. The CU201-induced growth inhibition depended on the optimal separation of the molecules and a requirement for two active antagonistic molecules. Dimers consisting of two active BK agonists, two inactive dummy molecules, or one active BK antagonist and one inactive molecule did not inhibit cancer cell growth. The requirement of optimal physical separation of two active BK antagonistic molecules to achieve growth inhibition may imply the involvement of physically spaced receptors or dimerization of two BK receptors, although we do not have direct evidence supporting receptor dimerization. Homo-and heterodimerization of the 7-transmembrane G protein-coupled receptors have been reported recently for a ␥-aminobutyric acid receptor (32), ␤-adrenergic receptor (33) , and muscarinic receptor (34) . The requirement of an optimal physical separation of two functional antagonists indirectly suggests that the G protein-coupled BK receptors may be dimerized in the presence of CU201. Estimation shows that the cross-linker used in the CU201 is just long enough to cross over two transmembrane helices, assuming that two BK receptors are aligned side by side in close proximity. The requirement of two linked active antagonists suggests that if the BK receptors become dimerized because of the binding of CU201, the primary antagonistic structures also play an important role in triggering the apoptotic signals. The constraint created by the critical cross-linker may force the antagonist molecules to interact within the BK receptors in a very specific manner that eventually leads to the apoptotic pathway. This interaction, however, is not shared with the dimeric agonists probably because of the subtle differences in their primary structures. It should be pointed out also that the dimeric compounds would have increased free energy of binding as compared with the monomers.
In this paper, we show that CU201 activated the JNK pathway, and caspase-3 stimulated apoptosis, inhibited the phospholipase C-␤ pathway, and inhibited the growth of different lung cancer cell lines. Moreover, CU201 was more potent than SPDs in each of these actions. The IC 50 was 10-fold lower for CU201 than for the SPDs, and the serum half-life of CU201 was considerably longer. These studies suggest that CU201, similar to the SPDs, acts as a biased agonist on peptide receptor-G protein interactions in lung cancer cell lines.
CU201 consistently induced apoptosis in both SCLC and NSCLC cell lines. Activation of JNK, alterations in DNA structure, and activation of caspase-3 preceded apoptosis. The CU201-induced EC 50 for activation of JNK and caspase-3 and the IC 50 for growth inhibition were similar, whereas the IC 50 for inhibition of peptideinduced calcium flux was much lower. The same was true for SPD2, although it was less potent for each activity. Thus, it is highly likely that induction of apoptosis played a major role in growth inhibition. The importance of changes in JNK activation, caspase-3 activation, and apoptosis on growth inhibition is supported also by the fact that the monomer CU202 inhibited BK-induced calcium flux but failed to affect JNK, DNA content, caspase-3, apoptosis, or growth. The alterations in DNA structure resulting in increased propidium iodide binding properties that preceded the apoptosis are unique and not described for other apoptosis-inducing agents.
Earlier studies showed that the 2A11 anti-GRP antibody inhibited SCLC growth in vitro and in vivo and produced an objective response in a patient with SCLC (7, 8) . However, response rates were low in both preclinical models and the one clinical trial (6, 8) . The SPDs were developed clinically, because they blocked the activity of several neuropeptides and inhibited the growth of a variety of SCLC cell lines. SPDs have completed phase I testing in humans. The problems facing the clinical development of the SPDs are a requirement for high concentrations to inhibit the growth of SCLC cells, their lack of inhibition of NSCLC cells lines and their short half-life in human serum. CU201 inhibited the growth of both SCLC and NSCLC cell lines and had a 10-fold greater potency and longer serum stability.
Our studies suggest that CU201 should be studied further as a targeted therapy for lung cancer. Additional preclinical studies are being conducted in collaboration with the National Cancer Institute through their Rapid Advancement of Investigational Drugs program. CU201 is a large peptide with chemically linked dimers. Large-scale production is expensive because of the cost of the artificial amino acids and the inefficiency of the linker chemistry. The development of peptidomimetics with a similar mechanism of action to reduce size and cost is being studied.
